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U n t i l  t h e  p a s t  f e w  years ,   miss ions   typ ica l ly   involved  
f a i r l y  l a rge   expens ive   spacecraf t .  Such missions  have 
pr imar i ly   favored  u s i n g  older  proven  technologies  over more 
recent ly  developed  ones,  and humans c o n t r o l l e d   s p a c e c r a f t  
by  manual ly   generat ing  detai led command sequences  with low- 
level tools   and t h e n  t r a n s m i t t i n g  t h e  sequences  for  
subsequent  execution on a s p a c e c r a f t   c o n t r o l l e r .  

T h i s  approach  toward  control l ing a spacec ra f t  has worked 
s p e c t a c u l a r l y  on previous  missions,   but it has l i m i t a t i o n s  
deriving  from  communications  restrictions - schedul ing time 
t o  communicate w i t h  a pa r t i cu la r   spacec ra f t   i nvo lves  
competing w i t h  o t h e r  p r o j e c t s  due t o  t h e  limited number of 
deep  space  network  antennae. T h i s  imp l i e s   t ha t  a 
spacecraf t   can  spend a long time j u s t  waiting  whenever a 
command sequence   f a i l s .  T h i s  i s  one  reason why t h e  N e w  
Millennium  program  has  an  objective t o  mig ra t e   pa r t s  of 
mission  control   tasks   onboard a s p a c e c r a f t   t o  reduce wai t  
time by  making spacec ra f t  more robus t .  The migrated 
sof tware i s  c a l l e d  a "remote  agent" and has 4 components: a 
mission  manager t o   g e n e r a t e  t h e  h i g h  l e v e l  goals ,  a 
p l a n n e r / s c h e d u l e r   t o  t u r n  goals  i n t o   a c t i v i t i e s  w h i l e  
reasoning   about   fu ture   expec ted   s i tua t ions ,  an 
e x e c u t i v e / d i a g n o s t i c s   e n g i n e   t o   i n i t i a t e  and main ta in  
a c t i v i t i e s  w h i l e  i n t e r p r e t i n g  sensed events  by  reasoning 
about   pas t   and   present   s i tua t ions ,  and a convent iona l   rea l -  
time s u b s y s t e m  t o  i n t e r f a c e  w i t h  t he   spacec ra f t  t o  
implement  an a c t i v i t y ' s   p r i m i t i v e   a c t i o n s .  S r k d & / A $  

" 
I n  addi t ion  to   needing  remote  planning  and  execut ion  for  
i s o l a t e d   s p a c e c r a f t ,  a t rend  toward  mult iple-spacecraf t  
m i s s i o n s   p o i n t s   t o  t h e  need f o r  remote d i s t r i b u t e d  planning 
and  execution. The p a s t  few years have seen missions  with 
growing n u b e r s  of  probes.   Pathfinder  has i t s  rove r  
(So journe r ) ,   Cass in i  has i t s  lander  (Huygens),  and  the N e w  
M i l l e n i u m  Deep Space 3 (DS3) proposal  involves a 
cons t e l l a t ion   o f  3 spacecraf t   for   in te r fe rometr ic   mapping .  
T h i s  t rend  is expected t o  cont inue t o  p r o g r e s s i v e l y   l a r g e r  
f leets .  For example,  one  mission  proposed to   succeed  DS3 
would  have 18 s p a c e c r a f t   f l y i n g  i n  format ion   in  order t o  
detect e a r t h - s i z e d   p l a n e t s   o r b i t i n g   o t h e r   s t a r s .  A 
proposed  magnetospheric   constel la t ion would involve 5 t o  
500 s p a c e c r a f t  i n  E a r t h  o r b i t   t o  measure  global phenomena 
w i t h i n  t h e  magnetosphere. 

T h i s  work describes and  compares three autonomy 
a r c h i t e c t u r e s  f o r  a system t h a t  con t inuous ly   p l ans   t o  
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con t ro l  a f leet  of spacec ra f t  u s i n g  co l lec t ive   miss ion  
goa l s   i n s t ead  of goa ls  o r  command sequences  for  each 
s p a c e c r a f t .  A f l e e t  of self-commanding  spacecraft would 
autonomously  coordinate i tself  t o   s a t i s f y   h i g h   l e v e l  
science and  engineering  goals i n  a changing   par t ia l ly-  
understood  environment - making f e a s i b l e  t h e  opera t ion  of 
tens o r  even a hundred  spacecraft  ( s u c h  a s   f o r  
in te r fe rometry  o r  plasma  physics m i s s i o n s ) .  

The e a s i e s t  way t o  adapt   autonomous  spacecraf t   research  to  
c o n t r o l l i n g   c o n s t e l l a t i o n s   i n v o l v e s   t r e a t i n g  t h e  
c o n s t e l l a t i o n  as  a s i n g l e   s p a c e c r a f t .  Here  one spacec ra f t  
d i rec t ly  c o n t r o l s   t h e  others as  i f  t h e y  were connected. The 
cont ro l l ing   "mas ter"   spacecraf t  performs a l l  autonomy 
reasoning, and t h e  slaves  only  have  real-t ime subsys tems t o  
execute t h e  mas ter ' s  commands and t r ansmi t   l oca l  
te lemet ry /observa t ions .  The execut ive /d iagnos t ics  module 
s t a r t s   a c t i o n s  and the   mas ter ' s   rea l - t ime subsys tem 
c o n t r o l s  t h e  a c t i o n   e i t h e r   l o c a l l y  o r  remotely  through a 
s l a v e  

While t h e  master/slave  approach benefi ts  from conceptual 
s i m p l i c i t y ,  i t  r e l i c s  on an  assumption  that t h e  master 
s p a c e c r a f t ' s  e x e c u t i v e  can  continuously  monitor  the!, 's lavesl  
real- t ime subsys t ems ,  and t h i s  re l ies  on high-bandwidth 
highly-reliable  communications.  S i n c e  unin tended   resu l t s  
o c c u r   f a i r l y  ra re ly ,  one way t o  relax t h e  bandwidth 
requirements  involves  only  monitoring unexpected  events  i n  
spacecraf t .   Unfor tuna te ly ,  t h i s  d i s a b l e s  t h e  a b i l i t y   t o  
monitor  for  unexpected  events  between  spacecraft   and  leads 
t o  a hos t  o f  coordination  problems among t h e  s l a v e s .  Also, 
f a i l u r e s  i n  t h e  communications  system  can result  i n  l o s i n g  
s l a v e s .  

The o t h e r  two a r c h i t e c t u r e s  improve  robustness while  
reducing  communications by  p rogres s ive ly   d i s t r ibu t ing  more 
of t h e  other  three  remote  agent  components  across t h e  
c o n s t e l l a t i o n .  I n  a teamwork a r c h i t e c t u r e ,   a l l   s p a c e c r a f t  
have  executives  and  real-t ime subsystems - only t h e  l eade r  
has   the  planner/scheduler  and mission  manager. F i n a l l y ,  
d i s t r i b u t i n g  a l l  remote  agent  components  leads t o  a peer- 
to-peer   approach  toward  constel la t ion  control .  


